An extensive experimental programme has been carried out by an Italian factory for four years to investigate SFRC applications in prefabricated industry. Façade panels, beams, double-T, and roof elements were investigated. The present contribution describes the research activity aimed to produce prefabricated roof elements.
Introduction
Covering roof element represents a valuable prefabricated structure for the national industry and in the last fifteen years a large amount of new van elements have been commercialised on the Italian market. They are characterised by a very high-quality level in the finishing details and by a constant research in the aesthetics. Their span ranges between 10 and 30 meters: in a large part of this interval, the prefabricated roof element represents the most competitive solution from an economical point of view.
The research of valuable aesthetic and competitive solutions has involved on one hand to much thinner sections and on the other hand to much higher transversal loads caused by the span growth of secondary elements, that may reach a size of 3 metres. The roof surface, created as an evolution of the element, becomes much less of a ribbed slab and much more of a shell stiffened by prestressed chords; the chords are characterised by wide sections to increase the fire protection of steel reinforcement inside located. The open section facilitates the rain water drainage, while the thin webs make the flexure-torsion and transversal bending check essential, even though the critical bearing parameter for the designer remains longitudinal bending.
The key idea, here developed, is to substitute welded mesh fabric, made of high bond wires usually adopted as transversal reinforcement, with steel fibres [1] . The main advantages are related to the thickness reduction connected to the overcoming of cover limitations, the increase of freedom in specimen shape and geometry, that is no longer constrained by reinforcement detailing, and the major industrialisation degree reachable in the production process, due to the exclusion of transversal reinforcement handling and placing. Moreover, the diffused reinforcement is much more well spread and continuously adjustable with respect to steel mesh, limiting the positioning tolerances which can significantly reduce the transversal bearing of thin webs.
However the final ends are traditionally reinforced in order to guarantee the prestressing diffusion and the bulkhead action.
Preliminary design consideration
The design of precast covering structures adopts the well-known beam theory to compute the service and ultimate limit states. The presence of rigid bulkheads and the simply-support constraints justify the reliability of this kinematic model to investigate longitudinal bending up to collapse, as shown in previous experimental investigations [2] [3] [4] [5] . The generalised constitutive behaviour in bending does not show any unstable fracture propagation, due to the high level of prestressing action, and can be easily approximated by a three-linear curve: the value corresponding to a zero curvature gives a measure of the active prestressing action. The most unpredictable measure remains the ductility because for these geometries, the failure is often controlled by the maximum strain of the compressed top chords; even experimentally, this check requires a displacement control and this test procedure is not usual for full size specimens. The high slenderness of the elements prevents any shear collapse, but favours the interaction between transversal and longitudinal bending, causing an anticipated failure, if significant geometric and mechanical non-linearity phenomena take place.
The geometry of the investigated structure is shown in Figure 1 . The longitudinal profile is variable: a small rise and a constant cross section specify the middle portion. The former increases the resistance of the central section, taking advantage of the higher lever arm of the strands, while the latter simplifies the variability in length. The element ends are shaped to facilitate the drainage and are closed by two gambles. They are traditionally reinforced for about 1 meter (Fig.2) , to guarantee a significant constraint to the rotation of the cross section profile. The crack control in the SFRC structure is guaranteed by the presence of conventional reinforcement in the ends and prestressed reinforcement along its axis. Out of the gambles, the transversal behaviour relies on a significant degree of structural indetermination, owing to the variable cross-section, the scatter of residual strength in SFRC material, the variability of interaction bending phenomena along the longitudinal axis and the presence of two symmetric reinforced bottom chords. 6+6 strands ½"
Material property characterisation

Mix design and control of fibre distribution
The material selected for this application is a High Performance Concrete with hooked-end steel fibres and a compressive strength higher than 75 MPa. The fibre content is 50 kg/m 3 for economical reasons: in fact, it doubles the cost of the material and actually represents a reference upper limit for a competitive production.
Two different fibres were investigated: a low-carbon fibre (f Ft =1100 MPa; aspect ratio l f /d f = 45) and a high-carbon fibre (f Ft = 2300 MPa; l f /d f = 80). Both the fibres are 30 mm long and have hooked-ends. The concrete mix design was designed to optimise workability and fibre distribution; in Table 1 the final concrete composition is briefly resumed.
The final mix guarantees a good fibre distribution [6] , that was checked by core specimens drilled from the full-size specimens (Fig.4) ; in fact, the fibre content shows a scatter of about 20% (Fig.4c) . The core diameter of drilled specimens was chosen after performing an experimental investigation on thin plates. The best value was found to be about 70 mm (Fig.4a) , since it guarantees the smallest scatter of the experimental results (with respect to that occurring in smaller cores) and is representative of a possible flaw in the structure. The flaw is a zone without fibres and, in fact, larger core specimens can hide this flaws.
The element production ( Fig.3 ) requires a high workability, because in the cast a slip-form machine is used. Often, the complex shape and the thin thickness of the cross-section profiles need multiple passages of the same machine and sometimes some finishing details must still be handmade. ) with different diameters of the drilled specimen (a); for different nominal fibre contents with a core diameter of 68 mm (b). Fibre content in a prefabricated roof element: drilling position and dosage detected (c).
Identification of mechanical behaviour in tension
The material properties were determined by using both a standard and a "structural" specimen. The former was the notched beam for a bending test required by UNI standard (Fig.5a) . It is very similar to the RILEM test [7] : it is four-point instead of three-point bending test and its notch-ratio is longer (0.3 against 0.17), the cross section of the specimen is the same (150x150mm), but the length is slightly shorter [8] . A comparison between the two specimens revealed only a weak difference on the peak-load, the four-point bending test always provides a lower strength [9] . The "structural" test is unnotched (Fig.5b) and is recommended when the thickness of the structure is smaller than the one of the standard specimen. Its introduction is justified essentially to take into account the real orientation factor of the fibres and to better evaluate the post-peak strength, especially when multi-localisation effects are expected; it allows the designer to estimate the ultimate resistance for an assigned ductility more accurately.
The experimental results (Fig. 5c,d ) highlight how the presence of a notch involves a postcracking hardening and a larger scatter of the experimental results, obtained from the standard specimens. By contrast, in the "structural" specimens, due to the absence of the notch, the larger the critical volume is, the smaller value of the parameters is obtained. This result can be explained by Weibull's theory [10] , that relates the specimen volume with the probability that a defect takes place.
To identify the tensile stress versus Crack Opening Displacement, it is possible to use a linear softening (Fig.6e) : for standard specimen, the two characteristic points are associated to the mean value of the nominal stress in the COD range of 0-0.6 and 0.6-3 mm respectively. The related COD are chosen respectively equal to zero and to the mean value of COD in the second range (w= 1.8mm). The shifting of the first point (from 0.3 to 0 mm along the COD axis) excludes the fracture energy of the plain concrete. By contrast, operating with unnotched specimens, the first point is the mean value in the range of 0.3 mm 20% and is associated to a COD = 0 mm, while the second point is directly related to an assigned rotational capacity ( = 0.02) and a structural characteristic length (l cs ). For a bent SFR plate, l cs is assumed equal to its thickness h; therefore the ultimate crack width is w u = 0.02* h, and the nominal stress is associated to the mean value in the range of w u 20%.
The stress-strain constitutive laws are compared with those proposed by RILEM recommendations [11] . It is worth noting that l cs controls the relation between COD and the tensile strain, even though l cs depends on the structure. The introduction of a structural characteristic length prevents the need of a size-parameter, , as introduced by RILEM Recommendations [7] . Finally, an elasto-plastic approach is also discussed here, with a maximum stress selected on the basis of an assigned rotational capacity. Two values are here introduced: the first is associated to the structure (w u = 0.02*l cs ) and the second is connected to a reference COD (w = 3mm), that can be regarded as a fibre length fraction, the latter being the real characteristic length of the material.
The identified constitutive laws are checked with reference to uniaxial tension, bending and eccentric bending tests on notched specimens (Fig.6) . The model adopts a plane-section kinematic assumption and a localised beam piece, whose length is defined by the structural characteristic length (l cs ). The approach reliability had already been discussed by the authors [12, 13, 14] ; of course, the assumed kinematic model cannot reproduce any notch-effect, but the constitutive laws disregard the real tensile strength of the material, being aimed to reproduce only the post-cracking residual strength. The effect of boundary conditions (fixed or rotating-plate ends; Figs. 6a,b) is quite negligible if compared with the difference shown by the constitutive laws indirectly determined from bending tests. It is worth observing how Weibull's effect justifies a safer response for constitutive law identified from unnotched specimens with respect to notched ones (Figs.6c,d ).
The Rilem model always increases the resistance too much: design curves remain just on the safe side only for notched tests subjected to bending and eccentric bending (e = h = 60 mm; Figs.6e,f). The design values were determined by assuming a variation coefficient equal of 0.18 and a k value of 1.67 (30 specimens). The statistical parameters were detected by other tests carried out in the factory on UNI specimens (32 tests). Finally, a uniaxial tension -bending moment domain is proposed ( Fig.6g) : the peak values are normalised by assuming a constant
residual strength computed as the mean value, in the range of w=1.2 mm 20%, from unnotched bending tests. Although the specimens were notched, their peak values were not significantly affected by notch. Therefore, the domain gives a measure of the brittleness shown by the material, when a tensile force prevails in the section, and of matrix size-effect at the onset of unstable crack propagation. 
Durability tests
The SFRC adopted was also checked with reference to different performances. Among these, the workability and homogeneity require the addition of ultrafine parts, that reduce the porosity and attackability of hardened concrete by aggressive agents. A porosimetry analysis usually recognises three large pore size-classes: a first one larger than 2 m, characterised by a combshaped distribution, mainly due to micro-fracture phenomena and surface discontinuities. A second bell-shaped pore size ranges between 0.1 and 2 m, typical of air bubbles and excess of water and, finally, a pore size smaller than 0.1 m, due to capillary porosity, also related to an excess of water. The analyses [15] show a strong reduction of pores smaller than 0.01 m due to filler addition and the lack of the middle size pores (0.1-2 m). The minimum pore size for HPSFRC remains more stable than usual concrete ( Fig. 8 ) during hydration. Further thermo-gravimeter analyses, performed on specimens subjected to accelerated processes of carbonation, ascertained a similar trend of CSH water / CaCO 3 weight ratio, for the concrete mixes ( Fig.8a ) and a negligible variation of the tensile strength with carbonation time (Fig.8b ). Other investigations, such as water penetration under pressure [15] , confirm that fibres do not increase material permeability; on the contrary, they reduce significantly permeability of high-performance concrete. In conclusion, fibres are not a preferential access for the possible chemo-physical attacks. 
Fire resistance
Thin structures are commonly considered as fire sensitive. The most feared risk concerns the explosive spalling. Moreover, it is not clear whether steel fibres increase thermal conductivity, causing a reduction of concrete strength, as well as if residual tensile strength, guaranteed at 20°C by pull-out strength of steel fibres, is still controlled by pull-out mechanism at high-temperature and to what extent it is damaged.
In order to answer these questions, an experimental investigation was carried out. First, fixedend notched specimens were tested in uniaxial tension after a thermal cycle at increasing maximum temperatures (T max = 20, 200, 400 and 600 °C; [16] ) following the same procedure of a previous experimental investigation [17] . Then, four-point bending tests were performed on unnotched specimens: the strain rate was increased in order to compare the results obtained on cooled specimens, after a thermal cycle, with those obtained from hot specimens, just extracted from the oven. This technique was recently proposed by Pimienta for compressive tests [18] .
The material shows a significant mass percentage reduction with temperature, even if the cement/water ratio is very small (Fig.9a) . The damage caused by high temperature is very well detected by Ultrasone Pulse Velocity, which gradually and isotropically decreases, pointing out a microcracking process during heating. The compressive strength reduces according to Code and Recommendations (UNI 9502 [19] ; Fig.9b ) if cube specimens, tested after a thermal cycle and a subsequent cooling, are uniaxially compressed by using dry platens or friction reducers.
About uniaxial tension (Figs.9c,d; [16] ), the progressive deterioration of mechanical parameters changes the brittleness of constitutive behaviour. The remarkable reduction of peak strength compared to post-cracking residual strength, reduces concrete brittleness.
To better estimate the influence of specimen temperature (during testing) on the constitutive law in tension, a set of 4-point bending tests was carried out on 60x75x500 mm prismatic specimens. The comparison (Fig.9e) highlights a quite negligible influence for the material adopted, but the result cannot be generalised [20] . For both uniaxial and bending tests, and for each temperature investigated, the results are computed as average values on three identical tests. 
Finally, the thermo-mechanical characterisation is aimed to model SFRC plates subjected to fire standard exposure [19] . The plates are 60 mm thick and are subjected to dead load and concentrated loads (Fig.10a) . The latter were characterised by two reference values in order to produce respectively 24% and 40% of the cracking moment at room temperature. The test was modelled by uncoupling the thermal problem by the mechanical one. An experimental check of temperature profiles on three plates (Fig.10b) , symmetrically instrumented by thermal gauges, Temperature (°C) revealed that thermal properties are not significantly changed by the use of fibres. Therefore, the expected temperature evolution versus time fits satisfactorily experimental data and allows us to take it as starting point to compute mechanical resistance at various time steps.
The time needed by the structures to reach collapse, when exposed to standard fire curves, is quite well predicted for maximum and medium loads ( Fig.11a; [16] ), while for dead loads the prevision is markedly on the unsafe side. It is worth observing that the not-symmetrical behaviour in tension and compression of SFRC makes the resistant bending moment dependent on the temperature distribution. The resistance is higher when the stretched fibres are the coldest ones and it is comparable to fire resistance obtained with the same reinforcement ratio, when a square steel fabric mesh is employed ( Fig.11b; [16] ). In the latter case, even though the problem was extensively investigated in the literature, a significant scatter can be obtained, depending on the degradation curve proposed in the recommendations adopted [19, 21] . 
The optimisation of structural behaviour
Preliminary tests
The covering element was extensively investigated by means of experimental tests on full-size prototypes. Matrix strength, fibre type, fibre content, thickness of cross-section profile affecting the structure total weight and load distribution were regarded as the main variables. Several tests, carried out over a time of about three years, are summarized with their main design parameters in Table 2 . Roof elements were carefully instrumented in order to control vertical and transversal displacements together with longitudinal, transversal and shear strains [4, 5] .
Three different types of failure were observed: 1) the longitudinal bending failure (lb in Table  2 ), characterised by a pronounced opening of the critical cross-section (Fig.12b) ; 2) the collapse of the horizontal slab (hs in Table 2 ; Fig.12c ), due to a central load cumulation; 3) the longitudinal detachment of a large portion of the inclined wing (wing in Table 2 ; Fig.12d ).
The first failure is usually considered by designer as the critical one for the structure. If the structure is well conceived, this collapse can guarantee a ductile failure. After an initial uncracked behaviour, a second cracked branch in the load-deflection curve highlights a stable propagation of vertical cracks developing along the longitudinal axis in the central region. The crack distance is not constant in the cross-section, because of the concentration of prestressed reinforcement in the bottom chords: for this reason the crack distance is larger in the horizontal slab where the cracks are characterised by larger openings (Fig.15d) . The third branch, corresponding to the yielding of prestressed reinforcement, can not be completely measured if the test is performed under load control, as in the case of most of the experiments, that were performed with the factory facilities. In these tests, the live load was reproduced with steel bundles and, after a service load cycle, the load path was protracted up to failure with load steps of about 20kN. The first tests were carried out to compare a common R/C with a SFRC element (11/11/98 and 4/11/98 respectively). Although the latter had a higher weight, the ratio between the ultimate bending moment and the weight is quite the same for the two types of reinforcement. This involves that the resistant bending moment was significantly increased by the addition of fibres.
A reduction of fibre content as well as a reduction of the web thickness can involve a change of the failure type. In fact, in tests performed on 25/11/98 and 5/4/00, a collapse due to transversal bending occurred before reaching the longitudinal bending ultimate bearing capacity; in these cases a collapse of the horizontal slab or a wing detachment occurred. The latter failure was quite brittle and was caused also by a different loading condition (Fig.13b) , which emphasized the transversal bending of the wing. The distributed load located on the top chords represents the weight transferred by the secondary elements to the roof elements (in the experimental investigation a weight of about 1kN/m was considered). It was also observed (with the same loading condition) the improvement of material properties obtained by the introduction of highcarbon steel fibres did not change the failure modality. The repetition of the previous tests, with the same load distribution (b in Table 2 ; Fig.13b ), confirmed the same failure modality and similar resistant moments. Only in the last test (28/01/02) the thicker profile together with the use of highcarbon fibre were able to induce a collapse still characterised by wing failure, but without any detachment of element parts (Fig.14a) .
(a) (b) Fig.13 -Loading set-up adopted in the tests carried out in the factory. The wing failure can be explained only by taking into account the second order contribution due to the open cross section. This contribution can be calculated by means of equilibrium according to [22, 23] . Assuming the plane section kinematic model to calculate the longitudinal stresses z , an additional distributed load q II can be computed as the product of z and the longitudinal curvature , by neglecting any transversal deformation of the cross-section. The second order effect evaluation performed by means of this model is reliable up to longitudinal cracking, because, after cracking, the transversal deformation cannot be neglected and a more refined F.E. analysis should be carried out to carefully compute the second order interaction between geometrical and mechanical non-linear behaviour. Anyway, a reasonable computation of second order effects, carried out by this simple model at collapse (Fig.14b) , shows a very significant increase of the transversal bending moment that becomes about three times the first order value. Only this contribution can explain the onset of longitudinal cracking.
For each test, a lower bound and an upper bound of resistant bending moment were estimated. The former (M R , EC2 ) was calculated regarding the constitutive relationship of prestressed steel as elasto-plastic with the yielding value assumed as upper limit, while concrete was considered able to transmit only compressive stresses following a parabola-rectangular constitutive relationship, whose limit value was chosen equal to the prismatic compressive strength reduced by a factor 0.85 to take into account the real dissipated energy up to the ultimate strain ( u =3.5e-3). The latter (M R , CEB ) takes into account the hardening of prestressed steel after yielding, a constitutive (a) (b) (c) relationship in compression valid for HSC, describing softening according to CEB [24] , and the residual tensile strength guaranteed by steel fibres, by means of an elasto-plastic model, whose limit value was fixed equal to 1/3 of the nominal strength identified by means of UNI test in the CTOD range of 0.6-3.0 mm ( 0.6-3 ).
Because of the scattering between the real material strengths and those assumed in the computations, and the rough approximation chosen to estimate steel fibre contribution, an approximation of the resistant bending moment up to 5-10% can be expected.
The comparison highlights a significant reduction of the maximum bending moment when the failure of the wing occurred. These data suggested the improvement of the cross-section profile, thickening the wing close to the bottom chord, in order to prevent the cracking of inclined wing and favour the cracking of the horizontal slab. This crack takes advantage of a static redistribution guaranteed by transversal structural resources, activated when each inclined wing can resist profiting by its bending and torsional bearing capacity. The longitudinal prestressed reinforcement was reduced to 10 strands and a displacement-controlled test was preferred to assess the real ductility of the roof element for assigned displacement-rate.
Final tests: longitudinal bending
The final tests were performed at the Technical Laboratory of Brescia University. A four-point load set-up was adopted, whose sizes are indicated in Fig.15a . An electromechanical actuator was located in the middle and clamped to a steel mechanical device made of 2 bars pinned to a crossbeam UPN300.
In order to prevent unrealistic punching failures due to the load concentration, suitable concrete supports were cast on the extrados surface of the roof elements (Fig.15b) . A statical determinate system guaranteed the equality of the eight concentrated loads. Beside the concentrated loads, three steel bundles were longitudinally distributed along the symmetry axis and the top chords (1.8 kN/m in the centre and 0.96 kN/m on the top chords). The weight of the whole set-up was 25.7 kN, while the weight of each element is indicated in Table 3 .
Three elements with the same geometry were compared: the first two elements were steel fibre reinforced with 45-30 low-carbon and 80-30 fibres respectively, while the last one was commonly reinforced by means of a steel welded-mesh fabric (1 5/25/20) .
The SFRC elements exhibited a higher ductility and a higher total live load than the traditional reinforced-concrete element (Fig.16a) . The failure always involved longitudinal bending collapse with cracks of the wing (Figs.16b,c,d ). It is worth underlining that in all the tests a longitudinal crack in the extrados of the horizontal slab was observed when the load was close to 280kN.
The longitudinal bending behaviour experimentally detected in the SFRC element with 45-30 fibres until the longitudinal transducers were removed to protect the instrumental equipment, was compared to several theoretical curves obtained with various models by always adopting the plane section assumption. This assumption was also validated by longitudinal strains in previous investigations [4, 5] . The nominal cross-section was used in the computation. The CEB model for concrete in compression and a constitutive law describing hardening in tension for prestressed steel were always considered. The models differ for the constitutive relationship assumed for SFR concrete in tension (Fig.17) . The RILEM model, with and without size-effect coefficient, was proposed. The latter model fits only the first uncracked branch, but the peak exceeds the maximum experimental value of about 15%. The curve traced neglecting fibre resistance highlights the significant contribution of steel fibre reinforcement at the onset of the cracked branch. The reduction operated by the sizeeffect factor ( = 0.56), introduced in the final draft of RILEM recommendations ( -method), changes drastically the generalised constitutive behaviour, by improving both the fitting of the second branch and the peak value. The model proposed by UNI defines two different zones in the cross-section characterised by two structural characteristic lengths representing the crack distance along the longitudinal axis. The structural characteristic length of the horizontal plain slab was assumed equal to its width (830 mm), while, in the inclined wings, the same structural length of the bottom chords equal to the crack distance (s rm = 172 mm) was taken into account. It was computed as suggested by RILEM (evaluating the reinforcement geometrical ratio of the bottom chords). Starting from the same -w curve proposed in UNI model, the real material constitutive feature, two continuous -curves were thus introduced (Figs.17b,c) . The model represents very well the experimental behaviour, as shown by the flat branch that follows the yielding of the prestressed reinforcement. The gradual loss of residual strength due to the large crack distance in the horizontal slab is balanced by the hardening of the prestressed reinforcement. In the theoretical prediction carried out by means of the beam theory, the large ductility is limited by softening in compression; by contrast, in the experimental test it was limited by the interaction of longitudinal and transversal bending of the inclined wings.
Final tests: transversal bending
To check the transversal bearing capacity on a full-size element, when loaded along the top chords, a suitable test was performed at the Laboratory of Brescia University. To uncouple the longitudinal behaviour from the transversal one, the element was continu-ously supported on a steel frame (12.5 m long), made of two beams located under the bottom chords, simply supported at the ends on two concrete walls. The steel frame was designed to have a longitudinal moment typical of service conditions when the ultimate transverse moment was reached.
On the extrados of the roof element, a steel beam, 12.5 m long (IPE450), was hung to 12 pinned steel frames supported on the top chords of the HPSFRC element (Figs.18a,b) . The beam was loaded by means of an electromechanical jack at a constant imposed displacement rate. Twelve load cells measured the forces transmitted by the beam to each steel frame. 18 transducers measured the relative vertical displacements in 6 sections, between the top and bottom chord (Fig.18a) .
The material was the same previously named 45-30, reinforced with 50kg/m 3 of hooked fibres having an aspect ratio of 45. The UNI parameters 0-0.6 and 0.6-3.0 [8] , computed as mean values on three tests of the same cast, were respectively 0-0.6,m = 7.09 MPa and 0.6-3.0,m = 4.67 MPa.
The total load versus each measured displacement exhibited a hardening curve up to a maximum load of about 200 kN (Fig.18c) . The load was not equally distributed among the 12 load cells and the load acting in the central section G was the highest one (Fig.19a) . By Analysing the load versus time curves (Fig.19b) , two discontinuities highlight the unstable propagation of two
cracks. The first appeared in the horizontal slab (on the front side), after about 14000 seconds; it propagated up to the reinforced ends and progressively opened. The propagation was first associated to a weak decrease of both the total load and the single concentrated loads. When the propagation reached the reinforced ends, both the total load and the single loads increased because of a stress redistribution and of the torsional stiffness of the uncracked bottom chords. The load increase caused a second crack propagation developed in the rear inclined wing after about 17500 seconds. Also this crack reached the reinforced ends and its propagation involved a sudden load decrease, followed by another hardening branch. Finally, the second crack bifurcated at the extremities and the element collapsed. The collapse was marked by a sudden drop of the central loads, partially compensated by the increase of the loads close to the supports (A, N) .
A detailed analysis based on the rotational equilibrium of the inclined wing, (taking into account both the measured thickness of the cross-section profile along the crack line -over 7 metres long -and the experimental loads with their related lever arms), was carried out. It proofs that the residual strength, just before the collapse, was about 6.6 MPa.
The crack opening estimated by adopting a rigid-block assumption along the crack profile, was around 1 mm and, therefore, the residual strengths, measured in the "structural" specimens for the same COD values, were confirmed (Fig.5d) .
Finally, it is worth noting that the transversal bending moment, experimentally measured at collapse, corresponds to three times the design transversal bending moment computed assuming M sd .= M rd. . The last one was calculated by adopting a reducing factor 0.7 to compute the characteristic values, from UNI parameters 0-0.6,m and 0.6-3.0,m and a partial safety factor FRC = 1.55.
Final tests: coupled behaviour
When the structure is simply supported at the ends and is loaded along the span with distributed loads, a significant interaction between transversal and longitudinal bending occurs. According to the model introduced in Chapter 4.1 and checked in [23] , a transversal second order distributed load q II (kN/m) can be computed with reference to the onset of longitudinal cracking, at about 280 kN of total load (dead load excluded). The second order load distribution q II (kN/m 2 ) along the cross-section profile for four longitudinal sections (L = 3, 4 , 5 and 6.25 m) is shown in Fig.20a . This load distribution is self-equilibrated on the transversal cross-section, taking into account the concentrated loads exerted by the strands, not represented in the Figure. By integrating the second-order load pressure due to longitudinal compressive stresses, mainly acting on the top chord surface, it is possible to determine the total distributed load inducing a transversal bending moment. Its longitudinal distribution depends on the longitudinal curvature and on the longitudinal stresses; therefore, it is not constant, but is bell-shaped (Fig.20b) . The transversal bending moment is significantly increased by second order effect that can be regarded as the main responsible of longitudinal cracking (Fig.20c) . The cracking moment was computed starting from the compressive strength, by using Model Code '90 equations and by considering the reducing factors to introduce both the characteristic value (0.7) and the size effect (0.8) according to van Vliet results [25] . The amplifying factor (h) = 1.71 due to bending redistribution was also taken into account, while the tensile stress induced by axial force was neglected. In fact, the axial force is only due to shear flows acting on the inclined wings related to first order loads (Fig.20d) . Therefore the eccentricity of the axial force, acting in the critical sections located in the horizontal slab, is strongly increased by second-order effects and the total action can be reasonably reduced to a simple bending (e > 300mm). To better understand the second-order influence on transversal bending moment growth, it is worth remarking that the particular choice of the test-set-up, with concentrated loads acting on the bottom chords, makes the transversal bending moment in the critical sections quite constant for the first-order loads. On the contrary, the second-order contribution grows suddenly when longitudinal bending exceeds the cracking moment (Fig.21a) and causes the longitudinal cracking for a total load (dead load included) of about 350 kN. The same loading path can be represented in a biaxial domain (m-n) using the specific ultimate actions previously defined to make the quantities (a) (b)
dimensionless (Fig.6g) . Of course, the total transversal bending moment must exceed the ultimate domain to reach cracking border (Fig.21b) . Nevertheless, it should be underlined that after longitudinal cracking, the simple model becomes unreliable, because it neglects the transversal deformation of the cross-section. Moreover, the experimental test shows that the following redistribution allows the structure to increase the load bearing capacity up to 387.5 kN (dead load included), showing an appreciable ductility. On the basis of experimental tests, the ultimate domain is here defined by choosing both the structural characteristic length (l cs ) and the ductility index as a constant (assigned on the basis of an ultimate rotational capacity or a maximum tensile strain, respectively for bending and uniaxial tension [ ] = 0.02). This choice involves an assigned maximum COD equal to 1.2, whose related strengths are assumed as ultimate. It is worth remarking that the characteristic structural length in uniaxial tension depends on the geometry and on the reinforcement position in the structure. As an example, in the horizontal plate of the roof element profile, it assumes higher values; therefore, the domain should be reduced to adequately take it into account.
Torsion
The roof element can be subjected to a significant torsion when it is not symmetrical-ly loaded owing to the presence of secondary elements resting only on one-side top chord (e.g. lateral roof element). The torsion could be increased by wind action if some facade panel is simply supported to the roof element or it is directly hung to it.
A service limit state was experimentally investigated in the preliminary tests by applying the load condition shown in Fig.22b [5] . The distributed torque moment (m t ) was equal to 1.5 kN and was produced by an eccentric distributed load (q= 3.25 kN/m). In this condition the mechanical behaviour remains elastic and an equilibrium analysis performed according to Vlasov [26, 5] allows the designer to compute reliable transversal actions (Fig.22a ) and rotational angles (Fig.22b) . The former fit very well the results obtained by an elastic F.E. analysis and confirms the reliability of Vlasov's kinematic assumptions. It is worth noting that the peak of transversal bending moment is close to the bottom chord located on the opposite side with respect to the load. This solution cannot be determined by simplifying the cross-section analysis as a structure simply supported in the barycentre of bottom chords. The reasonable fitting of rotational angle (Fig.22b) is mainly due to the circular torsion (De Saint Venant) contribution, since for this structure, the warping coefficient is very high (about 30) and therefore the warping contribution can be neglected.
(a) (b)
Shear
The high slenderness of the structure prevents the shear to become a critical action. Although the shear stress computed in a section close to the reinforced ends at the structural failure exceeds the mean value of the ultimate resistant stress ( Rf,m ), it does not cause concrete cracking. As highlighted in previous experimental investigations [27, 28, 29] , shear resistance depends on various resistant mechanisms, acting in parallel with the residual strength (V fd ). Usually, these mechanisms (aggregate interlock, compressive chords, dowel action, comb action) guarantee a valuable contribution of the shear cracking value. For this reason, it is better to verify the shear capacity of the roof element by adopting beam equations [11] , in order to consider all these contributions and not only the residual strength of the material evaluated in uniaxial tension. In fact it often represents only a small percentage of the total shear bearing capacity. ( cr = shear stress inducing material cracking taking into account prestressing action; Rf,m = average resistant shear stress computed on the basis of the maximum principal stress I = tu ; Sm = acting shear stress).
Concluding remarks
On the basis of a very extensive experimental and theoretical research programme, focused on prefabricated structural applications of steel fibre reinforced concrete and, in particular, on prestressed covering elements, the following conclusions can be drawn -Steel fibre represents a diffused reinforcement really competitive with welded mesh fabric for thin-webbed structures. They open a new season on complex-shape 2D and 3D-concrete surfaces, especially if produced in a prefabricated process. In fact, only an industrialised procedure can guarantee the high-quality control needed for a continuous production of high-performance concrete.
-A detailed interpretation on fibre distribution, performed on thin plates and on full-size elements, showed always a limited scatter on fibre content (smaller than 20%).
-The experimental identification of mechanical behaviour in tension highlighted a significant difference on residual strength between bending and uniaxial tension in thin specimens. This difference justifies the introduction of a reducing factor when the uniaxial residual strength is identified from bending and applied to uniaxial tension. If the identification procedure starts from uniaxial tension, a safe prediction is always expected.
-Size-effect controls the peak nominal strength in uniaxial tension and in eccentric tension (e = 60 mm). The relations suggested in the literature for plain concrete reasonably fit the experimental results of SFRC. By contrast, the residual strength seems scanty affected by size-effect. Moreover, the notched specimens tested in 4-point bending give always better results than unnotched specimens: this experimental evidence could be realised by means of Weibull's theory.
-The constitutive law after localisation is well described by a -w curve. The introduction of this law in a -approach needs the definition of a structural characteristic length. The latter is also essential to define an ultimate design limit that can be based on a required ductility. The introduction of a structural characteristic length also prevents the adoption of any size-effect factor.
-Fibres significantly reduce permeability of high-performance concrete; therefore, they must not be regarded as a preferential access for the possible chemo-physical attacks.
-Fire resistance of SFRC thin elements is comparable with that of R/C ones: tests carried out on hot and cold specimens, after an exposure to an assigned high-temperature, prove that the damage introduced by high-temperature is essentially related to the maximum temperature reached in the heating process. The exposure to high-temperature significantly reduces the material brittleness, mainly reducing the peak value than the residual strength. Thermal properties of the material are not significantly modified by steel fibres: a thermal analysis performed by adopting the same thermal properties of plain HPC well fitted experimental tests carried out on thin plates. -SFRC prefabricated roof elements here investigated showed a load bearing capacity comparable with that offered by traditionally reinforced ones, and an increased ductility, as experimentally proved by displacement-controlled tests. The last feature depends on the softening in compression and on the static resources after longitudinal cracking offered by the inclined wings, and, up to now, it is difficult to predict by a simple model. -SFRC elements suggest a thinner thickness since they have not minimum requirements for the cover of traditional reinforcement. This trend forces the designer to carefully check the failure modalities.
-The high-carbon steel fibres showed a slightly better mechanical performances with respect to low-carbon ones, but their higher cost and the limited improvement of the global structural behaviour make the low-carbon fibres more competitive. -The good agreement between the structural behaviour in longitudinal and transversal bending and the theoretical predictions, based on the identification of constitutive laws, by simple bending of small specimens, makes the material ready for other advanced structural applications.
